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The Gravity Recovery and Climate Experiment (GRACE) mission can significantly improve
our knowledge of the temporal variability of the Earth's gravity field. We obtained monthly
gravity field solutions based on variational equations approach from GPS-derived positions
of GRACE satellites andK-band range-ratemeasurements. The impact of different fixed data
weighting ratios in temporal gravity field recovery while combining the two types of data
was investigated for the purpose of deriving the best combined solution. The monthly
gravity field solution obtained through above procedures was named as the Institute of
Geodesy and Geophysics (IGG) temporal gravity field models. IGG temporal gravity field
models were compared with GRACE Release05 (RL05) products in following aspects: (i) the
trend of the mass anomaly in China and its nearby regions within 2005e2010; (ii) the root
mean squares of the global mass anomaly during 2005e2010; (iii) time-series changes in the
mean water storage in the region of the Amazon Basin and the Sahara Desert between 2005
and 2010. The results showed that IGG solutions were almost consistent with GRACE RL05
products in above aspects (i)e(iii). Changes in the annual amplitude ofmeanwater storage in
the Amazon Basin were 14.7 ± 1.2 cm for IGG, 17.1 ± 1.3 cm for the Centre for Space Research
(CSR), 16.4 ± 0.9 cm for the GeoForschungsZentrum (GFZ) and 16.9 ± 1.2 cm for the Jet Pro-
pulsion Laboratory (JPL) in terms of equivalent water height (EWH), respectively. The root
mean squares of the mean mass anomaly in Sahara were 1.2 cm, 0.9 cm, 0.9 cm and 1.2 cm
for temporal gravity field models of IGG, CSR, GFZ and JPL, respectively. Comparison sug-
gested that IGG temporal gravity field solutions were at the same accuracy level with the
latest temporal gravity field solutions published by CSR, GFZ and JPL.
© 2015, Institute of Seismology, China Earthquake Administration, etc. Production and
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ute of Seismology, China
ier on behalf of KeAi
ina Earthquake Administra
ss article under the CC BYEarthquake Administration.
tion, etc. Production and hosting by Elsevier B.V. on behalf of KeAi
-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
g e o d e s y and g e o d yn am i c s 2 0 1 5 , v o l 6 n o 4 , 2 5 3e2 6 02541. Introduction
The Gravity Recovery and Climate Experiment (GRACE)
mission has significantly improved our knowledge of the
Earth's gravity field in terms of accuracy, spatial and temporal
resolution [1]. The temporal variability frommonthly tomulti-
year time scales due tomass redistribution of the surface fluid
envelopes can be inferred from changes in the GRACE gravity
field solutions. The twin GRACE satellites, separated from
each other by approximately 220 km along track, are
equipped with a dual-frequency K-band ranging (KBR)
system with a measurement precision of better than 10 mm,
or 0.1 mm/s after derivation for precisely measuring range
changes between the two satellites. The science payload of
each satellite consists of a Global Positioning System
(GPS) receiver, laser retro-reflector, star sensors, and
accelerometers that measure the linear non-gravitational
accelerations with a precision of 1010 m/s2 [2].
Global static/temporal Earth gravity field models are pro-
duced based on collected GRACE data by many institutions.
TheGRACEproject, i.e., GFZ Potsdam (GeoForschungsZentrum
Potsdam), CSR (Center for Space Research), and JPL (Jet Pro-
pulsion Laboratory), has adopted the traditional variational
approach to produce monthly gravity field solutions [3,4,5].
Alternative state-of-the-art GRACE gravity field models have
been computed by other groups, e.g., solutions derived by
CNES/GRGS(Centre National d'Etudes Spatiales/Groupe de
Recherches de Geodesie Spatiale) at France using the tradi-
tional variational approach [2], DMT(DEOS Mass Transport)
solutions at Delft University of Technology using acceleration
approach [6], AIUB (Astronomical Institute of the University
of Bern) solutions at University of Bern using celestial
mechanics approach [7], ITG (Institute of Theoretical
Geodesy) solutions at University of Bonn using short-arc
approach [8], ITSG (Institute of Theoretical Geodesy and
Satellite Geodesy) solutions at Graz University of Technology
using variational equations approach [9], Tongji solutions at
Tongji University of university using improved short-arc
approach [10].
In this paper, we derived monthly gravity field solutions
using variational equations approach. Our variational equa-
tions approach derived monthly gravity field from high-pre-
cision orbits (and K-band range-rate) rather than raw GPS
measurements (this approach is so-called two-step approach)
[11], in which the precise orbit determination (POD) results
served as pseudo observations. In our work, GNV1B products
were taken as an input for gravity field modeling together
with K-band range-rate measurements. This approach avoids
handling with a host of measurement model parameters
including ambiguity biases and troposphere scale factors that
can mask gravity signal, and also avoids the large amount of
computation of partials of GPS measurements with respect to
gravity field parameters [12].
At first, we introduced the computation procedure for
processing the observations of the GRACE mission using two-
step variational equation approach; and then we compared
our monthly gravity field solutions with GRACE products. At
last, we concluded this article with a summary and some
perspectives for our future work.2. The mathematical model for GRACE
temporal gravity field estimation
2.1. Variational equations
The mathematical-physical model for a single satellite is
based on the formulation of Newton's equation ofmotion. The
acceleration €r of a spacecraft can be expressed as a function of
the spacecraft position and velocity (r; _r), time t since the
initial epoch t0, and the dynamical parameter y,
€rðtÞ ¼ aðt; r; _r; yÞ (1)
where y is vector of parameters, containing initial state vector
parameter ðr0; _r0Þ, geopotential coefficients and other dynamic
parameters represented by p,
y ¼ ½r0; _r0;p (2)
Differentiation of equation (1) with respect to the
dynamical parameters of y yields, we obtain the following
matrix equation:
v€r
vy
¼ v€r
vr
vr
vy
þ v€r
v _r
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Equation (3) expresses the change in acceleration €r (left-
hand-side) due to the change in location r caused by the
changed parameter in y (first term on the right-hand-side),
the change in velocity _r due to change in y (second term)
and the change in €r due to dynamic parameters p.
Given that the acceleration €r is the second and the velocity
_r the first derivative of the position r with respect to t and by
application of the assumption that the time t and the
parameter set y are independent, the differentiation with
respect to t and y can be interchanged to obtain:
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The above system of linear differential equations called
variational equations, may then be written as:
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in here, F is so called the state transition matrix and S is the
sensitivity matrix.
vr
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¼ Fþ S (6)
in equation (6),
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2.2. Model setup and their linearization
Let's use ri(t) represent POD results of the i-th GRACE sat-
ellite. The functional model of the state vector of orbits to
initial state vectors and the fully normalized spherical
g e o d e s y and g e o d yn am i c s 2 0 1 5 , v o l 6 n o 4 , 2 5 3e2 6 0 255harmonic coefficients (or other dynamic parameters) can be
written as:
riðtÞ ¼ fðri0; _ri0;b; tÞ (8)
where f(r0,b;t) represents the observation model of the state
vector of orbits, and this is non-linear observation model
which has to be linearized for the least square estimation.
riðtÞ ¼ ri0ðtÞ þ vri0ðtÞ
vx
Dxþ/ (9)
where x ¼ x1∪x2 ¼ ðr10; _r10; r20; _r20;bÞ, and vri0(t)/vx is calculated
from variational equations using numerical integration from
equation (5). The mathematical model for range-rate
observations can be derived by projecting the relative vector
to the line-of-sight connection,
_rðtÞ ¼ e12ðr2ðtÞ  r1ðtÞÞ (10)
The quantity e12 is the unit vector of the line-of-sight direc-
tion of the twoGRACE satelliteswith thepositions r1(t) and r2(t).
The functional model in equation (10) describes the
dependency of the range-rate observables on the satellite
positions which again depend on the force function
fðri0; _ri0;b; tÞ. Then we can write equation (10) after
linearization as,
_rðtÞ ¼ _r0ðtÞ þ
v _r0ðtÞ
vr12
vr12
vx
Dxþ/ (11)
where v _r0ðtÞ=vr12 can be calculate from equation (10) and vr12/
vx is the combination of vri0(t)/vx. If K-band range-rate
measurements and GPS-derived positions serve as
observations, then these two types linearized observation
equations are collected for one arc length, respectively.
lleo¼ Aleoxþ eleo (12)
lkbrr¼ Akbrrxþ ekbrr (13)
where GPS-derived positions and K-band range-rate obser-
vations represented by lleo and lkbrr, the unknown parameters
x (initial state vectors of two satellites, accelerometer pa-
rameters and correction to geopotential coefficients or other
to be estimated dynamic parameters) and the error vector eleo
and ekbrr. The designmatrixAleo andAkbrr are composed of the
partial differentials as shown in equations (9) and (11),
respectively.
2.3. Combining normal equations from positions and
range-rate observation
K-band range-rate is the relative distance change between
two satellites, there is no enough information to estimate the
absolute states of both satellites, whereas POD results can
provide absolute states information; additionally, the orbit
observation still have less accurate gravity information. So, it's
necessary to combine orbit and K-band range-rate observa-
tion to derive best gravity recovery. We synthesized orbit and
K-band range-rate normal equation based on observation
equations (12) and (13), and their normal equation can be
written as follow:
Nleox ¼ bleo (14)
Nkbrrx ¼ bkbrr (15)where Nleo and Nkbrr are information matrix of normal equa-
tion about orbit observation and K-band range-rate observa-
tion, x is the unknown parameters; bleo and bkbrr are their right
hand side of their normal equation. Combining the normal
equation of position observations and K-band range-rate
measurements with a priori standard deviation s2leo for each
orbit component and s2kbrr for range-rate measurements, it
obtained:

1
s2kbrr
Nkbrr þ 1
s2leo
Nleo

x ¼ 1
s2kbrr
bkbrr þ 1
s2leo
bleo (16)
Definiting data weight ratio m ¼ s2leo=s2kbrr, equation (16) can
be written as:
ðm$Nkbrr þNleoÞ x ¼ m$bkbrr þ bleo (17)
Arc-specified parameters are not necessary for the final
solution, they can be pre-eliminated before solving the normal
equations, and then we wrote equation (17) as:

N11 N12
N21 N22

xL
xG

¼

lxL
lxG

(18)
here, xL and xG represent arc-specified parameters, geo-
potential coefficients; N11 and N22 are sub-matrices of arc-
specified parameters and geopotential coefficients, respec-
tively. After pre-elimination of arc-specified parameters, such
as initial state vector and accelerometer biases, normal
equations of geopotential coefficients in current arc become:

N22 N21N111N12

xG ¼

lxG N21N111 lxL

(19)
Remark equation (19) as follow:
Niu ¼ bi (20)
here i represents i-th arc, then accumulating all n arcs' normal
equations to geopotential coefficient for this month, normal
equations for monthly gravity field are obtained:
Xn
i¼1
Niu ¼
Xn
i¼1
bi (21)
2.4. GRACE data processing
We implemented the two-step variational equations
approach to determine gravity field parameters from K-band
range-rate measurements and GNV1B orbits, so our process-
ing began with the computation of purely dynamic orbits by
fitting GNV1B orbits computed through the GRACE team using
reduced dynamic strategy [13]. This step aimed to calibrate
the GRACE A and B level 1B accelerometer data and the
initial state vector of two satellites to perform an initial
reduction of the inter-satellite range-rate data in preparation
for gravity recovery. In this step, nine parameters per 6-
hourly arc length were adjusted in the course of orbit
integration: the initial state vector (6 parameters); the bias in
accelerometer data per component (3 parameters). The force
model used in this paper were summarized in Table 1.
After convergence of the orbit, the purely dynamic orbit
was used as reference orbit to calculate residual orbits and
was also as an input to calculate the nominal value of K-band
range-rate. The partials with respect to the initial state
Table 1 e Force models used for gravity field determination.
Force models Description
Mean gravity field GIF48, degree/order 150
3rd body perturbations DE405, including J2 of Moon, Sun
Solid tides IERS2010, degree 2, 3 and 4
Ocean tides EOT11a, containing 18 waves and 256 secondary waves. Max deg/ord ¼ 100
[14].
Solid earth pole tides IERS2010
Ocean pole tides Desai model up to degree 30 are considered [15]
Atmosphere and oceanic variability AOD1B Release05(RL05), from degree 2 to degree 100 [16]
Atmospheric tides S2 tide [17]
Non-gravitational forces Level-1B non-gravitational accelerations [18]
Polar motion EOP 08 C04
g e o d e s y and g e o d yn am i c s 2 0 1 5 , v o l 6 n o 4 , 2 5 3e2 6 0256vectors, accelerometer parameters and geopotential co-
efficients were computed simultaneously with the integration
of the purely dynamic orbits. At this step, low-frequency er-
rors mainly caused by the KBR instrument and background
aliasing errors were estimatedwith the formulamentioned by
Kim [12]. The adjusted parameters of the two steps are
summarized in Table 2.Fig. 1 e Geoid height per degree of IGG temporal gravity
fields using different weight ratio and CSR RL05 solution in
September 2009. Note: It also gives a comparison between
our solution using different fixed data weight ratios and
CSR RL05 expressed as in geoid height per degree (The
degree difference variance (DDV) scaled by Earth's radius).2.5. Data weighting ratio
Data weighting ratio represents the contribution of K-band
range-rate measurement and orbit pseudo observations. In
this subsection, we attempted to find a appropriate data
weighting ratio between the two types of observation with
different accuracy level. With a priori orbit accuracy
sleo ¼ 2 cm unchanged, the priori K-band range-rate accuracy
skbrr was varied ranging from 0.1 mm/s to 0.4 mm/s. Conse-
quently, the dataweighting ratio m between themwas 4 1010,
1  1010, 6.67  109 and 2.5  109 respectively. Fig. 1 compared
different solutions derived based on above data weight ratio
setting. The Fig. 1 shows that the difference among these
solutions is significant above degree 13. As the stronger
ratios are used, the quality of the solution could be
improved: when the ratio m has a value of 4  1010 and
1  1010, a relatively small effect is visible in geoid height per
degree between the two solutions until up to degree 51;
however, when the ratio m has the value of 6.67  109 and
2.5  109, the quality of the solution from degree 13 to
degree 60 becomes worse. The comparison suggests that
only a relatively small effect is visible at the degree lower
than 13 while the impact of ratio become significant at theTable 2 e Solved parameters in gravity field
determination.
Step-one parameters
Orbit: state vector at epoch of arc
Accelerometer: 3D biases per arc
Step-two parameters
Orbit: state vector at epoch of arc
Accelerometer: 3D biases per arc
K-band ranging system: range-rate bias and drift (every 90 min),
periodic terms (every 180 min)
Gravitational potential: fully normalized spherical harmonic
coefficients complete to degree 60degree exceeding 15. From above comparisons, the data
weighting ratio at a magnitude of 1  1010 is appropriate
from our experiment. In addition, 4  1010 is not
recommended due to the fact that it is unrealistic in view of
the posteriori root mean square errors, which is about less
than 0.1 mm/s for K-band range-rate given 1 cm for position
of orbit.3. Comparison to GRACE project solutions
3.1. Brief descriptions of GRACE project solutions
To demonstrate the quality of our monthly gravity field
models, the RL05 products of the GRACE solutions are used in
the paper for comparison and analysis from the three science
data centers e CSR, GFZ, and JPL. The RL05 solutions are more
consistent among themselves than the previous RL04 data. In
addition, comparing to RL04, the current RL05 time-series
g e o d e s y and g e o d yn am i c s 2 0 1 5 , v o l 6 n o 4 , 2 5 3e2 6 0 257shows improvements of about a factor of 2 in terms of noise
reduction. The RL05 solutions all derived from K-band range-
rate measurements and raw GPS observations. Specifically,
the CSR monthly solutions are computed up to degree and
order 60, which are estimated from the 5-s K-band range-rate
and 2-min GPS double-differencedmeasurements [3]. And the
solutions are obtained using one-day dynamic arcs for the
month under consideration. The bias and scale factor of
non-gravitational accelerations are estimated as well. The
JPL monthly solutions contain geopotential coefficients up to
degree and order 90. The methodology and background
models used are generally the same as those used for CSR
solutions except the ocean tide model [5]. The GFZ monthly
solutions are also derived using the one-step approach, and
accelerometer biases are estimated once per hour along with
the geopotential coefficients up to degree and order 90 [4].
3.2. Post-processing method
Our solutions and RL05 products are all unconstrained
solutions. The impacts of north south stripes were removed
from the spherical harmonic coefficients while high-fre-
quency noises were also reduced using Gaussian smoothing
[19,20]. Furthermore, monthly geocenter estimates calculated
by Swenson et al. [21] were used to account for the degree 1
coefficients of the gravity field, which GRACE does not
observe. The C20 coefficients in the GRACE data were
replaced by estimates obtained from satellite laser ranging
[22]. The GRACE data were corrected for glacial isostatic
adjustment (GIA) based on the model of Geru et al. [23].
Mass change signals were expressed in the forms of
equivalent water height (EWH). And the expressions forFig. 2 eMass anomaly from IGG temporal gravity model in 2006:
Fig. 2a and Fig. 2b (the Fig. 2c and Fig. 2d), the mass variation o
observed. (Note: EWH in centimeter, filtering radius 500 km).computing EWH were according to Wahr et al. [24]. Fig. 2
displays selected maps of IGG solutions in March 2006, April
2006, September 2006 and October 2006 in terms of EWHs
after the application of the de-striping and 500 km Gaussian
filtering. The mass variation of the hydrological cycle can be
clearly observed in Fig. 2. As seen from the Fig. 2, the largest
variation is observed in the Amazon Basin. Positive values in
March and April of 2006, and negative values in September
and October 2006 can be clearly identified.
3.3. Trend and root mean square of mass anomaly
Using the method described in Section 2, we computed
monthly spherical harmonic gravity solutions from January
2005 to December 2010. To assess the performance of these
solutions, the trend of the mass anomaly in China and its
nearby regions and the root mean squares of the global
mass anomaly within these six years were computed based
on above post-processing method. The trend of the mass
anomaly in China and its nearby regions was shown in
Fig. 3. As seen from Fig. 3, significant mass loss observed in
North India and relative small mass loss observed in North
China from IGG, CSR, GFZ and JPL solutions are all due to
dwindling groundwater resources [25e27], and another
relative small mass loss signal from Hengduan Mountains
region also can be identified caused by its mountain glaciers
melt [28]. The root mean squares of the global mass
anomaly over these six years from CSR, GFZ, JPL and IGG are
presented in Fig. 4, which indicates the magnitude of mass
anomaly. We can find that the spatial distribution and
magnitude of the root mean square of global mass anomaly
show a great agreement with each other. For example, thea March; b September; c April and d October. Compared the
f the hydrological cycle at half of a year can be clearly
Fig. 3 e Trend of mass anomaly in China and nearby regions over 2005e2010 from IGG, CSR, GFZ and JPL. The negative value
representsmass loss during 2005e2010. These trendmaps all show that the larger amplitudemass loss in North India and
relative small mass loss in North China and HengduanMountains region can be observed. (Note: EWH in centimeter, filtering
radius 500 km).
Fig. 4 e Root mean squares of global mass anomaly over 2005e2010 from IGG, CSR, GFZ and JPL. The root mean squares of the
globalmass anomaly indicate themagnitude of themass variation signals. The abovemaps show that solutions fromdifferent
groups mutually coincide with each other in the spatial distribution andmagnitude of mass variation signals. (EWH in
centimeter, filtering radius 500 km).
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Africa, and the Monsoon region in Southeast Asia are all
have larger mass anomaly. This can be seen from Fig. 4.3.4. Water storage changes for typical region
Time series of water storage changes in Amazon Basin
and the Sahara Desert were calculated based on our
monthly gravity field solutions and GRACE products from
January 2005 to December 2010. The mean water storage
changes in the whole Amazon Basin and the Sahara Desert
where we select a rectangular region (10Ee20E,
20Ne30N) were computed using the average with cosine
latitude weighting.
In the Amazon Basin, our results and GRACE project solu-
tions perform very consistently. As shown in Fig. 5, the annual
water mass change is the dominant signal in the Amazon
Basin, and the annual water mass change from our solution
is 14.7 ± 1.2 cm and slightly less than that from GRACE
project solutions, which are 17.1 ± 1.3 cm for CSR,
16.4 ± 0.9 cm for GFZ and 16.9 ± 1.2 cm for JPL in terms of
EWH, respectively.
The root mean squares of the mean mass anomaly in
Sahara can be taken as accuracy assessment of time series of
mass anomaly from GRACE for its minimal mass change. The
time series of mass variations in Sahara within these six years
are presented in Fig. 5. As a results, the root mean squares of
the mean mass anomaly are 1.2 cm for IGG, 0.9 cm for CSR,
0.9 cm for GFZ and 1.2 cm for JPL in terms of EWH,
respectively.Fig. 5 eMeanmass anomaly in Amazon and Sahara Desert
over 2005e2010 based on temporal gravity models from
IGG, CSR, JPL, and GFZ (EWH in centimeter, filtering radius
500 km).4. Conclusion and summary
We implemented the variational equations approach for
recovering gravity field models using GRACE data, in which
high-precision orbits (GNV1B product were used in this paper)
and K-band range-rate serve as observations of gravity field
signal. Since relative error level of these two types observation
would affect the solution accuracy level, we investigated the
impact of different fixed data weighting ratios in temporal
gravity field recoverywhile combining the two types of data for
the purpose of deriving the best combined solution. Then we
derived monthly gravity field solutions using variational equa-
tions approach, andwe set a fixeddataweighting ratio mhaving
a value of 1  1010 and used 6 h arc length in this procedure.
The monthly gravity field solution obtained though above
procedures was named as the IGG temporal gravity field
model, and these solutions were compared with GRACE RL05
products in following aspects: (i) the root mean squares of the
global mass anomaly during 2005e2010; (ii) the trend of the
mass anomaly in China and its nearby regions within
2005e2010; (iii) time-series changes in themeanwater storage
in the region of the Amazon Basin and the Sahara Desert be-
tween 2005 and 2010. Our solutions were in a good agreement
with latest published GRACE RL05 products at above aspects.
According to aspect (iii), changes in the annual amplitude of
mean water storage in the Amazon Basin were 14.7 ± 1.2 cm
for IGG, 17.1 ± 1.3 cm for CSR, 16.4 ± 0.9 cm for GFZ, and
16.9 ± 1.2 cm for JPL in terms of EWH, respectively. The root
mean squares of the mean mass anomaly in Sahara were
1.2 cm, 0.9 cm, 0.9 cm and 1.2 cm for temporal gravity field
models of IGG, CSR, GFZ and JPL, respectively. Overall, it was
noticeable that IGG temporal gravity field solutions were at
the same accuracy level with the latest temporal gravity field
solutions published by CSR, GFZ and JPL.
Our variational equations approach use POD results as
pseudo observations rather than raw GPS measurements, so
this approach is a simplified procedure compared to CSR, JPL
and GFZ's approach. This processing methodology also has a
good performance, evidence of which can be seen from the
comparison between our IGG solutions and GRACE RL05
products. However, monthly gravity field recovery using
GRACE observation is a complicated procedure. Certain pro-
cessing choices would impact the quality of the temporal
gravity fieldmodels. Such as, parameters estimated strategies,
especially parameterization of the accelerometer calibration,
the selection of arc length and commission errors associated
with backgroundmodelswould be issues thatwould influence
the accuracy of the monthly gravity field solution. This would
need our further investigations.Acknowledgements
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